1. Introduction {#s0005}
===============

Interferons (IFNs) are of vital importance for the host to defense on a variety of viruses [@bb0005]. A number of interferon-stimulated genes (ISGs) activated by IFN mediate virus-inhibiting function at all stages of virus life cycle [@bb0010]. Among these, interferon-induced transmembrane (IFITM) 1, 2 and 3, a cluster of genes encoding membrane proteins, inhibit the fusion of viral envelope with endosomal membrane [@bb0015], and are therefore responsible for limiting infection by many kinds of viruses including influenza A virus (IAV), West Nile virus, Dengue virus and severe acute respiratory syndrome coronavirus [@bb0020], [@bb0025], [@bb0030], [@bb0035]. Additionally, polymorphisms within IFITM genes might lead to differences in host susceptibility to viruses. Specifically, several laboratories demonstrated that the IFITM3 coding region genetic variant rs12252-C which is supposed to alter a splice acceptor site is associated with higher susceptibility to IAV [@bb0040], [@bb0045], [@bb0050], [@bb0055].

Human IFITM1, 2 and 3 genes reside on chromosome 11 as a cluster. They are expressed basally in primary tissues and cell lines [@bb0060] and robustly induced by either type I or type II IFNs [@bb0065]. Both Type I and type II IFNs activate ISGs through Janus kinase (JAK)-STAT pathway. The difference is type I IFNs, such as IFNα and IFNβ, induce gene expression by the combinatorial binding of transcription factor interferon regulatory factor 9 (IRF9), phosphorylated STAT1 and 2 to IFN-stimulated response elements (ISREs) within the target gene promoter, while type II IFN, IFNγ, exerts its regulation through the induced binding of phosphorylated STAT1 homodimers to the gamma-activated sequence (GAS) [@bb0070]. Chromatin-remodeling factor BRG1 is also essential for IFITM1, 2 and 3 gene expressions [@bb0075], [@bb0080], as it constitutively binds to the promoters of IFITM1, 2 and 3 genes and remodels the chromatin to make the promoters accessible to STAT1/STAT1/IRF9 transcription factor complex and transcription machinery [@bb0085]. Sp1 and TEF-1 are reported to be involved in recruiting BRG1 to the promoter of IFITM3 gene [@bb0080], [@bb0090].

Enhancers are the key cis-regulatory DNA elements that increase the transcription of target genes and thus play a fundamental role in development, immunity, and disease [@bb0095], [@bb0100], [@bb0105], [@bb0110]. However, as to IFITM1, 2 and 3 genes, there are no any reported enhancers. The role and mechanism of enhancers on the expression of IFITM1, 2 and 3 remain unknown.

In this study, we surveyed the genomic context around IFITM locus and identified an IFN-responsive enhancer located 35 kb upstream of IFITM3 gene promoter. The enhancer drove the coordinate expression of IFITM1, 2 and 3 through constitutive long-range interactions and IFN-induced STAT1 binding. As a consequence, truncation of this enhancer decreased IFN-induced resistance to IAV infection.

2. Materials and methods {#s0010}
========================

2.1. Plasmids {#s0015}
-------------

Genomic fragments of E1-1, E1-2, E1-3, E2-1, E2-2, E2-3 and R were amplified from human genome by PCR. Truncated E2-3 was amplified from the genome of HEK293 cells in which E2-3 was truncated. As STAT1 binding motif was in the primer binding region of E2-3, mutant E2-3 with three mutations in STAT1 binding motif and negative control mutant E2-3 with three mutations outside STAT1 binding motif were directly amplified using corresponding mutant primers. All the fragments were subcloned into pGL3-promoter reporter constructs respectively (Promega, USA). [Table S1](#ec0050){ref-type="supplementary-material"} contained the positions of E1-1, E1-2, E1-3, E2-1, E2-2, E2-3 and R fragments in the human genome (hg19). Primers used for PCR were listed in [Table S2](#ec0055){ref-type="supplementary-material"}.

2.2. Cell lines, cytokines and virus {#s0020}
------------------------------------

A549 (human lung epithelial, ATCC CCL-185) was cultured in DMEM/F12 supplemented with 10% fetal bovine serum. HEK293 (human embryonic kidney, ATCC CRL-1573) was cultured in α-MEM supplemented with 10% fetal bovine serum. The two cell lines were authenticated using short tandem repeat (STR) genotyping analysis by Beijing Microread Gene Technology Company (China).

Human interferon β-1a and interferon α-A/D were purchased from PBL Assay Science (USA) and used at indicated concentrations.

Influenza A virus A/Puerto Rico/8/1934 (H1N1) (PR8, ATCC VR-1469) was used in this study and virus titers were determined based on the 50% tissue infectious dose (TCID~50~) assay using Madin-Darby canine kidney (MDCK) cells according to the Reed-Muench method [@bb0115].

2.3. Luciferase reporter assay {#s0025}
------------------------------

Luciferase reporter assays were performed as described [@bb0120]. Briefly, the pGL3-promoter Firefly luciferase reporter constructs were co-transfected using lipofectamine 2000 reagent (Life technology, USA) with the vector phRG-TK (Promega, USA) which expresses synthetic *Renilla* luciferase to normalize the transfection efficiency. Luciferase activities were measured using the Dual-Luciferase Reporter Assay reagent (Promega, USA) on a LB 960 Centro XS3 luminometer (Berthold Technologies, Germany). Relative luciferase activities were expressed as ratios between Firefly and *Renilla* luciferase activities.

2.4. CRISPR {#s0030}
-----------

To truncate E2-3, we designed two flanking guide RNAs (5′-GGAAAACATTCCCGAACCGA-3′ and 5′-CCGAAGTGACGACCGCACCT-3′) and subcloned into pGK2.1 plasmid (Genloci Biotechnologies, China) expressing Cas9. HEK293 cells were transfected with the plasmid and selected by puromycin. Resistant cells were then cloned by limited dilution in 96-well plates and screened for E2-3-truncated clones using a PCR-based approach. Primers are as follows: 5′-CCTCCCAGGTTCACCCCATT-3′ and 5′-AAACGGAGAAAGCGCCTGG-3′. Truncated clones were validated by Sanger sequencing.

2.5. Real-time PCR for mRNA analysis {#s0035}
------------------------------------

Total RNA was isolated with Trizol reagent (Life technology, USA), and reverse transcription was performed using with TransScript® All-in-one First-Strand cDNA Synthesis SuperMix for qPCR (Transgen Biotech, China). The real-time PCR primers used were listed in [Table S2](#ec0055){ref-type="supplementary-material"}. Real-time PCR was performed using the IQ5 system (Bio-Rad, USA) with TransStart Tip Green qPCR SuperMix (Transgen Biotech, China), and expression was quantified relative to a housekeeping gene ACTB. All experiments were repeated at least three times.

2.6. Western blot {#s0040}
-----------------

Western blots were carried out using antibodies against IFITM1 (\#262939, BBl Life Science, China), IFITM2 (\#RLT5532, Ruiying Bio, China), IFITM3 (\#3776-1, Epitomics, USA), STAT1 (\#sc-345, Santa Cruz, USA), phospo-STAT1 (\#RLP00249, Ruiying Bio, China), NP (\#ab128193, Abcam, China) and β-actin (\#M1210-2, HuaAn Biotechnology, China).

Briefly, 30 μg protein samples were separated by 15% SDS-PAGE and transferred onto PVDF membranes (Millipore, USA). Membranes were blocked with 5% non-fat milk in TBS containing 0.1% Tween at room temperature for 1 h. They were next incubated with indicated primary antibodies at 4 °C overnight followed by incubation with horseradish peroxidase (HRP)-conjugated secondary anti-mouse antibody (\#CW0102S, CWBIO, China) or anti-rabbit antibody (\#CW0103S, CWBIO, China) at room temperature for 1 h. Bound antibodies were detected by pro-light HRP chemiluminescent detection reagent (Tiangen, China), following the manufacturer\'s directions.

2.7. Chromatin immunoprecipitation (ChIP) {#s0045}
-----------------------------------------

Cells were cross-linked in 1% formaldehyde and chromatin was sheared to 350--1000 bp fragments by sonication. Immune complexes containing STAT1 were enriched using antibody against STAT1 (\#sc-345, Santa Cruz, USA) and protein-G magnetic beads, washed under stringent conditions, and eluted in TE buffer with 1% SDS. After reversal of cross-linking and purification, immunoprecipitated DNA was analyzed by qPCR. Primers used were listed in [Table S2](#ec0055){ref-type="supplementary-material"}. Enrichment was quantified relative to input. IgG (\#2729, Cell Signaling Technology, USA) immunoprecipitation was used as a negative control.

2.8. Electrophoretic mobility shift assay (EMSA) {#s0050}
------------------------------------------------

Nuclear extract of HEK293 cells with 1000 U/mL IFNβ treatment for 4 h was prepared using Nuclear and Cytoplasmic Extraction Kit (CWBIO, China). The protein content of the nuclear extract was determined using BCA Protein Assay Kit (Tiangen, China). 5′ biotin-labeled or unlabeled oligonucleotide probes encompassing the STAT1 binding motif from enhancer E2-3 (5′-GTCGTCACTTCGGGGAAACGGAGAAA-3′) and correspondent unlabeled mutant oligonucleotide probe (5′-GTCGTCACAAGGGCCTTACGGAGAAA-3′) were synthesized by BBl Life Science (China). Briefly, 6 μg of nuclear extract was incubated in a binding buffer (10 mM Tris, 50 mM KCl, 1 mM DTT; pH 7.5) with 0.1 pmol biotin-labeled probe and 0.5 μg of poly(dI-dC) for 20 min at room temperature. For competition assays, 50-fold excess of unlabeled oligonucleotide probe was added to the binding buffer before adding the biotin-labeled probe. To perform a supershift EMSA, 9 μg antibody against STAT1 (\#sc-345 X, Santa Cruz, USA) was added to the binding buffer 20 min after adding the biotin-labeled probe and incubated for another 20 min. The DNA-protein complexes were separated by electrophoresis on 5% polyacrylamide gels and transferred to a positively charged nylon membrane (GE healthcare, USA), followed by UV cross-linking. The biotinylated signals of the DNA-protein binding complex were detected using LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific, USA) following the manufacturer\'s instructions.

2.9. Chromosome conformation capture (3C) {#s0055}
-----------------------------------------

3C experiments were performed as described [@bb0125] with some modifications. Briefly, cells were cross-linked by 1% formaldehyde. Then nuclei were isolated and digested with *Pst* I restriction enzyme (New England Biolabs, USA) prior to proximity ligation with T4 DNA ligase (Thermo Fisher Scientific, USA). After the reversal of cross-links, DNA was purified and ligation frequencies of restriction fragments were analyzed by PCR, using primers specific to the restriction fragments of interest ([Table S2](#ec0055){ref-type="supplementary-material"}). BAC clone CTD2344F1, covering the entire region of interest, was used to create an artificial library of ligation product to control for PCR efficiency. The ACTB locus was used to control for cross-linking efficiency between different experiments. PCR products were run on agarose gels and quantified with Image J software. All data were normalized to the BAC ligation products and the ACTB control.

2.10. Statistical analysis {#s0060}
--------------------------

All data are presented as means ± SD. We made three biological replicates in all the experiments and we performed unpaired (two tailed) Student\'s *t*-tests. Results were considered significant with *P*  \< 0.05.

3. Results {#s0065}
==========

3.1. E2-3 is an IFNβ-responsive enhancer {#s0070}
----------------------------------------

Enhancers, especially long-range enhancers usually communicate with regulated genes through physical interactions [@bb0130]. In order to identify putative enhancer elements that could regulate the expression of IFITM gene cluster, we first did the data mining using ENCODE datasets and found two regions interacting with IFITM locus supported by RNA polymerase II ChIA-PET data from K562 cells [@bb0135]. Furthermore, these two fragments were enriched with DNaseI hypersensitive sites (DHS), histone modifications of H3K4me1 and H3K27ac and binding sites of histone acetylase p300, which were all hallmarks of enhancers [@bb0140], [@bb0145]. Notably, STAT1 and STAT2, key components of type I IFN signaling pathway, were bound to the two fragments in several ChIP-seq datasets [@bb0150] ([Fig. 1](#f0005){ref-type="fig"}A).Fig. 1E2-3 is an IFNβ-responsive enhancer. (A) UCSC Genome Browser output (hg19) of the IFITM genomic region, illustrating the location of the putative enhancer regions. In addition, the ENCODE integrated regulation track containing K562 Pol II ChIA-PET interactions, DNaseI hypersensitivity clusters, H3K4Me1 marks, H3K27Ac marks, transcription factor ChIP-seq data of P300, STAT1 and STAT2, and conservation are displayed. (B) Six fragments, all contained in the two regions interacting with IFITM locus, was used to enhance expression of an SV40 promoter-driven Firefly luciferase reporter gene vector (pGL3-promoter). R fragment, outside the two interacting region, was used as a negative control. Following transient co-transfection, HEK293 cells were treated with PBS or 1000 U/mL IFNβ for 24 h before collected. Results are displayed as ratios of Firefly to SV40 promoter-driven *Renilla* luciferase activities from three independent experiments. Statistical analyses were performed with unpaired Student\'s *t*-tests (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (C) Same as (B) except A549 cells was transfected.Fig. 1

To investigate the potential enhancer activity of these two fragments, we selected six loci which were overlapped with DNaseI hypersensitive sites, enriched with H3K4me1 and H3k27ac and bound by p300 within these two fragments and named them "E1-1", "E1-2", "E1-3", "E2-1", "E2-2" and "E2-3" respectively ([Fig. 1](#f0005){ref-type="fig"}A). These six loci and a negative control locus named as "R" outside these fragments were amplified and cloned upstream the luciferase promoter in pGL3-promoter constructs respectively. Then each construct was transfected into HEK293 cells, and cells were treated with 1000 U/mL IFNβ or PBS for 24 h before collection. We found that both E1-2 and E2-3 displayed enhancer activity ([Fig. 1](#f0005){ref-type="fig"}B). However, upon treatment of IFNβ, the enhancer activity of E1-2 did not change whereas the enhancer activity of E2-3 was greatly elevated ([Fig. 1](#f0005){ref-type="fig"}B), suggesting E1-2 element was a constitutive enhancer while E2-3 element was an IFNβ-responsive enhancer. Similar results were also confirmed in A549 cells ([Fig. 1](#f0005){ref-type="fig"}C). In addition, among all six loci, only E2-3 harbored a region conserved in 100 vertebrate species ([Fig. 1](#f0005){ref-type="fig"}A), thus we focused on studying E2-3 in the following research.

3.2. IFITM1, 2 and 3 are the targets of enhancer E2-3 {#s0075}
-----------------------------------------------------

To further validate the enhancer activity of E2-3 and identify its bona fide target genes, we in vivo truncated E2-3 in HEK293 cell line using CRISPR-Cas9 technique ([Fig. 2](#f0010){ref-type="fig"}A). Homozygous clone harboring truncated E2-3 was screened and confirmed by PCR and Sanger sequencing ([Fig. 2](#f0010){ref-type="fig"}A). Luciferase reporter assay validated that the enhancer activity of the truncated E2-3 was greatly disrupted compared to that of wild type ([Fig. 2](#f0010){ref-type="fig"}B). Then we measured mRNA expression levels of IFITM1, IFITM2 and IFITM3 in the mutant and corresponding wild-type control HEK293 cells treated with IFNβ or PBS. Expectedly, we found that IFNβ-induction of IFITM1, 2 and 3 was significantly impaired in the mutant cells ([Fig. 2](#f0010){ref-type="fig"}C). This was further validated at the protein level as assessed by western blot ([Figs. 2](#f0010){ref-type="fig"}D and [S1](#ec0005){ref-type="supplementary-material"}). By contrast, for the E2-3′s nearest gene B4GALNT4 gene, neither its basal expression nor induction by IFNβ could be detected in our experiments ([Fig. 2](#f0010){ref-type="fig"}C). Similar results were also observed when cells were treated with IFNα ([Fig. S2](#ec0010){ref-type="supplementary-material"}), suggesting that IFITM1, 2 and 3, but not B4GALNT4 are bona fide targets of enhancer E2-3. In addition, whether IFNβ treatment or not, no difference was observed in the levels of STAT1 and phosphorylated STAT1 (P-STAT1) between the mutant and corresponding wild-type control HEK293 cells ([Fig. S3](#ec0015){ref-type="supplementary-material"}), ruling out the possibility that impaired induction of IFITM1, 2 and 3 by IFN in mutant HEK293 cells was due to disruption of JAK-STAT pathway by CRISPR off-target effect.Fig. 2IFITM1, 2 and 3 genes are the targets of enhancer E2-3. (A) Scheme depicting CRISPR design to truncate E2-3 in HEK293 cells (top). PCR analysis of representative HEK293 clones (bottom left) and Sanger sequencing validation of truncation (bottom right). (B) Truncated E2-3 was used to enhance expression of an SV40 promoter-driven firefly luciferase reporter gene vector. Wild-type E2-3 was used as positive control. Treatment with IFNβ and determination of reporter gene activity was performed as described in [Fig. 1](#f0005){ref-type="fig"}B. (C) Wild-type (WT) and mutant (Del) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by quantification of IFITM1, IFITM2, IFITM3 and B4GALNT4 mRNA levels. Results of three independent experiments are shown relative to the ACTB mRNA levels. Statistical analyses were performed with unpaired Student\'s *t*-tests (\**P* \< 0.05; \*\**P* \< 0.01). (D) Proteins from HEK293 cultures treated as in (C) were analyzed for IFITM3 and β-actin levels by Western blots.Fig. 2

3.3. STAT1 binds to E2-3 with the treatment of IFNβ {#s0080}
---------------------------------------------------

To investigate the mechanism of enhancer E2-3 regulating expression of IFITM genes, we analyzed the transcription factor binding on E2-3. In accordance with E2-3 being an IFN-responsive enhancer, ENCODE ChIP-seq data showed that STAT1 bound to E2-3 in GM12878, IFN-γ-treated HeLa-S3 and IFN-α/γ-treated K562 cells while STAT2 bound to E2-3 in IFN-α-treated K562 cells [@bb0150] ([Fig. 1](#f0005){ref-type="fig"}A). Using ChIP-qPCR, we validated that STAT1 bound on E2-3 in both HEK293 and A549 cells when treated with IFNβ ([Fig. 3](#f0015){ref-type="fig"}A and B). No enrichment was found using IgG antibody (data not shown). In addition, we performed STAT1 ChIP-qPCR in HEK293 cells treated with 0, 10, 100, 1000 U/mL IFNβ respectively, and found that STAT1 had a tendency of more enrichment on E2-3 with the increasing concentration of IFNβ while it did not have such a tendency on negative control locus ([Fig. 3](#f0015){ref-type="fig"}C), indicating the specificity of STAT1 binding to E2-3 and the critical role of IFNβ in the process.Fig. 3STAT1 binds to E2-3 with the treatment of IFNβ. (A) ChIP-qPCR using antibody against STAT1 in HEK293 cells treated with 1000 U/mL IFNβ or PBS for 4 h. The promoter of IFITM1 served as positive control. A locus near R fragment served as negative control. Statistical analyses were performed with unpaired Student\'s *t*-tests (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001). (B) Same as (A) except performed in A549 cells. (C) Same as (A) except performed in HEK293 cells treated with 10, 100, 1000 U/mL IFNβ or PBS respectively. (D--E) EMSA using biotin-labeled probe encompassing the STAT1 binding motif of enhancer E2-3 incubated with nuclear extract from IFNβ-treated HEK293. (D) For competition assays, 50-fold excess of corresponding unlabeled wild-type or mutant probe was added. (E) For supershift assay, antibody against STAT1 was added. \* indicated free probe, \*\* indicated DNA-protein complex shift, \*\*\* indicated DNA-protein-antibody complex supershift. (F) Scheme depicting the design to mutate STAT1 binding motif of E2-3. (G) Mutant E2-3 was used to enhance expression of an SV40 promoter-driven Firefly luciferase reporter gene vector. Control mutant E2-3 with three mutations outside STAT1 binding motif was used as negative control. Treatment with IFNβ and determination of reporter gene activity were performed as described in [Fig. 1](#f0005){ref-type="fig"}B.Fig. 3

To determine whether STAT1 directly bound to E2-3, we performed EMSA experiment. Incubating 26-bp probe from E2-3 region containing STAT1 binding motif with nuclear extracts from IFNβ-treated HEK293 cells, we observed a shift band, which could be potently competed by unlabeled DNA with identical sequence ([Fig. 3](#f0015){ref-type="fig"}D). We further proved that this interaction was specific, as STAT1 motif mutant DNA could not compete the binding probe to nuclear proteins ([Fig. 3](#f0015){ref-type="fig"}D). Moreover, when antibody against STAT1 was added into the nuclear extract, the shift band was remarkably reduced and a weak supershift band appeared above it ([Fig. 3](#f0015){ref-type="fig"}E). These results indicated that STAT1 directly bound to E2-3 at least in vitro.

To further characterize the importance of STAT1 binding for the functionality of E2-3, we mutated three positions of STAT1 binding motif in E2-3-pGL3-promoter ([Fig. 3](#f0015){ref-type="fig"}F). Luciferase reporter assay indicated that these mutations greatly decreased the enhancer activity and enhancer activity of mutant E2-3 could no longer be induced by IFNβ, while the control mutant E2-3 which was mutated in positions other than STAT1 binding motif showed no significant difference with wild-type E2-3 ([Fig. 3](#f0015){ref-type="fig"}G), suggesting that E2-3 might exert its enhancer activity through recruiting STAT1.

3.4. E2-3 constitutively forms long-range interactions with IFITM1, 2 and 3 {#s0085}
---------------------------------------------------------------------------

Enhancer E2-3 is about 35 kb away from the IFITM locus, so how does it overcome such a long distance to regulate the expression of IFITM1, 2 and 3 genes? Recent reports have showed that distal enhancers could form long-range interactions with the promoters of the targeted genes to exert its function [@bb0130]. To investigate whether enhancer E2-3 also behaved like this, we performed chromosome conformation capture (3C) assay in HEK293 cells [@bb0125]. Using enhancer E2-3 as anchor, we observed E2-3 looping to the promoters of IFITM1, 2 and 3. When cells were treated with IFNβ, the interaction frequency increased, in accordance with the elevated expression of IFITM1, 2 and 3 ([Fig. 4](#f0020){ref-type="fig"}A).To further validate this result, we also performed 3C assay using IFITM1, IFITM2 or IFITM3 locus as anchor respectively, and as expected, all of 3C data showed that E2-3 could interact with IFITM1, IFITM2 or IFITM3 especially when treated with IFNβ ([Fig. S3](#ec0015){ref-type="supplementary-material"}, [Fig. S4](#ec0020){ref-type="supplementary-material"}, [Fig. S5](#ec0025){ref-type="supplementary-material"}). In addition, we observed the interactions among the promoters of IFITM1, 2 and 3 ([Fig. S4](#ec0020){ref-type="supplementary-material"}, [Fig. S5](#ec0025){ref-type="supplementary-material"}, [Fig. S6](#ec0030){ref-type="supplementary-material"}), suggesting IFITM1, 2 and 3 genes physically clustered together and were coordinated regulated by enhancer E2-3. Similar results were also confirmed in A549 cells ([Figs. 4](#f0020){ref-type="fig"}B and [Fig. S4](#ec0020){ref-type="supplementary-material"}, [Fig. S5](#ec0025){ref-type="supplementary-material"}, [Fig. S6](#ec0030){ref-type="supplementary-material"}). Notably, unlike in HEK293, these interaction frequencies in A549 cells seemed not to change with the treatment of IFNβ ([Figs. 4](#f0020){ref-type="fig"}B and [Fig. S4](#ec0020){ref-type="supplementary-material"}, [Fig. S5](#ec0025){ref-type="supplementary-material"}, [Fig. S6](#ec0030){ref-type="supplementary-material"}). The mechanism underlining this phenomenon was currently not clear. While cell line authentication of HEK293 and A549 cells using cell line STR genotyping ruled out that these cell lines were misused or contaminated ([Fig. S7](#ec0035){ref-type="supplementary-material"}), one possible explanation for this phenomenon might be due to cell type difference.Fig. 4Enhancer E2-3 forms long-range interactions with IFITM1, 2, 3 genes. (A) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by 3C assays of a 60 kb region containing IFITM locus and enhancer E2-3. The red bar represented the location of the anchor fragment containing enhancer E2-3, the yellow bars represented the location of fragments containing the promoters of IFITM1, IFITM2 and IFITM3, *Pst* I restriction sites were indicated as black vertical lines. (B) Same as (A) except performed in A549 cells.Fig. 4

We also measured the interactions between the truncated enhancer E2-3 and the promoters of IFITM1, 2 and 3 in mutant HEK293 cells. It seemed that the constitutive interactions between the restriction fragment containing E2-3 and restriction fragments containing IFITM1, 2 and 3 were basically unaffected by truncation of E2-3 ([Fig. S8](#ec0040){ref-type="supplementary-material"}), suggesting these interactions might be mediated by factors residing outside E2-3, which were not disrupted by truncation of E2-3.

3.5. Truncation of E2-3 decreased IFNβ-induced resistance to IAV infection {#s0090}
--------------------------------------------------------------------------

As IFITM1, 2 and 3 are very important for host to resist infection of IAV [@bb0020], [@bb0040], we infected wild-type and E2-3-truncated HEK293 cells with IAV Puerto Rico/8/1934 (PR8) at a MOI of 0.1 for 24 h. Although IFITM1, 2 and 3 were induced by PR8 virus in both wild-type and E2-3-truncated HEK293 cells, the inductions were greatly impaired upon truncation of E2-3 ([Fig. 5](#f0025){ref-type="fig"}A and B), further confirming the regulation of IFITM1, 2 and 3 expression by the enhancer E2-3. Surprisingly, we did not observe a significant effect on the replication of IAV when enhancer E2-3 was truncated, as revealed by the mRNA and protein levels of virus NP and progeny virus titers determined by TCID50 assay ([Fig. S9](#ec0045){ref-type="supplementary-material"}). Nonetheless, when we treated wild-type and E2-3-truncated HEK293 cells with IFNβ respectively for 24 h before infection of PR8, NP mRNA and protein levels were found to be much higher in mutant HEK293 cells ([Fig. 5](#f0025){ref-type="fig"}C and D). Moreover, consistent with virus NP expression, the viral titers were also increased in E2-3-truncated cells ([Fig. 5](#f0025){ref-type="fig"}E), indicating that enhancer E2-3 was responsible for IFNβ-induced resistance to IAV infection.Fig. 5Truncation of E2-3 decreased IFNβ-induced resistance to IAV. (A) Wild-type (WT) and mutant (Del) HEK293 cells were infected with IAV PR8 at a MOI of 0.1 for 24 h followed by quantification of IFITM1, IFITM2 and IFITM3 mRNA levels. Results of three independent experiments are shown relative to the ACTB mRNA levels. Statistical analyses were performed with unpaired Student\'s *t*-tests (\**P* \< 0.05; \*\**P* \< 0.01). (B) Proteins from HEK293 cultures treated as in (A) were analyzed for IFITM3 and β-actin levels by Western blots. (C) Wild-type (WT) and mutant (Del) HEK293 cells were treated with 1000 U/mL IFNβ for 24 h before being infected with IAV PR8 at a MOI of 0.1 for 24 h followed by quantification of virus NP mRNA levels. Results of three independent experiments are shown relative to the ACTB mRNA levels. Statistical analyses were performed with unpaired Student\'s *t*-tests (\*\**P* \< 0.01). (D) Proteins from HEK293 cultures treated as in (C) were analyzed for virus NP and β-actin levels by Western blots. (E) Progeny virus titers from HEK293 cultures treated as in (C) were determined with the TCID~50~ assay. Statistical analyses were performed with unpaired Student\'s *t*-tests (\**P* \< 0.05).Fig. 5

4. Discussion {#s0095}
=============

IFITM1, 2 and 3 are essential host effector molecules of interferon response against multiple pathogens [@bb0020], [@bb0025], [@bb0030], [@bb0035], thus their expression should be tightly controlled. However, previous studies on transcriptional regulation of IFITM1, 2 and 3 genes were limited to the promoter elements [@bb0075], [@bb0080], [@bb0085], [@bb0090], [@bb0155]. The role of enhancers in the transcriptional regulation of IFITM1, 2 and 3 genes remains elusive. Combining public ENCODE data mining, luciferase reporter assay and genome editing by CRISPR-Cas9, we identified an IFN-responsive enhancer located 35 kb upstream of IFITM3 gene promoter regulating the expression of IFITM1, 2 and 3 genes, thus providing the first evidence that enhancers play an important role in transcriptional regulation of these IFITM genes.

Notably, this single enhancer E2-3 could simultaneously enhance the expression of three clustered genes in the IFITM locus, suggesting it might act like a locus control region (LCR), as in the α-globin and β-globin loci [@bb0160], [@bb0165]. We also noticed that the induction of IFITM1, 2 and 3 was not completely disrupted by truncation of enhancer E2-3. Two possible explanations may be proposed: firstly, enhancer E2-3 was only truncated, not completely deleted. The residual E2-3 might still have an effect. Indeed, luciferase reporter assay indicated that the truncated E2-3 still had a minor enhancer activity under IFN treatment conditions. Secondly, given the nature of complicated chromatin interaction and regulation network in eukaryotic genomes, many studies have shown that genes could be regulated by multiple enhancers [@bb0170], [@bb0175], [@bb0180]. Therefore, it\'s possible that there are other redundant enhancers like E1-2, which was also identified as an enhancer in our luciferase reporter assay screening, controlling the expression of IFITM genes. After all, truncation of enhancer E2-3 decreased IFNβ-induced resistance to IAV infection, highlighting its biological importance.

STAT1 binds to the promoters of ISGs to activate gene expression in both type I and type II IFN induction [@bb0070]. However, previous ChIP-chip or ChIP-seq data indicated that only a small fraction (\< 30%) of STAT1 binding sites were within 1 kb of transcriptional start sites (TSSs) [@bb0185], [@bb0190], [@bb0195]. The function of the large numbers of distal STAT1 binding sites remains unknown. Here we showed that STAT1 binding to the enhancer E2-3, which was located \> 35 kb away from its target genes, was indispensable for its IFN-responsive enhancer activity. We therefore speculate that a similar enhancer function may also exist in other distal STAT1 binding sites. In addition to STAT1, STAT2 might also be involved in the regulation of IFITMs by enhancer E2-3, because STAT2 is also suggested to bind to E2-3 in IFNα-treated K562 cells, as inferred from ENCODE STAT2 ChIP-seq data. It\'s quite interesting that the promoters of IFITM genes already contain the binding sites for STAT1 or STAT2 while there still exists an enhancer mediating IFN/STAT signaling. A reasonable explanation might be that the distal enhancer could fine tune the expression of these important genes and thus add robust and plastic response to virus invasion and IFN stimulation. Besides the IFITM gene cluster, it has been previously reported that many other genes such as IFNβ gene [@bb0200], [@bb0205] and STAT1 gene [@bb0210] also behave like this, suggesting a general transcriptional regulation on eukaryotic gene expression.

Circumstantial evidence indicates that distal enhancers regulate gene expression through formation of physical chromatin loops [@bb0130]. Consistent with transcriptional regulation of IFITM1, 2 and 3 by the remote enhancer E2-3, we did observe long-range interactions between enhancer E2-3 and promoters of IFITM1, 2 and 3 using 3C assays in HEK293 and A549 cells. Notably, the promoters of IFITM1, 2 and 3 also clustered together physically in three dimensions to form some kind of active chromatin hub [@bb0215], which might facilitate coordinated regulation of enhancer E2-3. Moreover, these interactions or active chromatin hub already existed before treatment of IFN. This may be beneficial to rapid induction of gene expression, thus timely restricting the infection of viruses. Such pre-formed promoter-enhancer interactions have been widely reported in many biological processes like TNFα response, development and hypoxia [@bb0175], [@bb0220], [@bb0225]. Specifically, upon truncation of E2-3, the truncated E2-3 still interacted with the promoters of IFITM1, 2 and 3. A recent paper about a distal enhancer regulating PAG1 gene also reported a similar phenomenon [@bb0230]. It\'s possible that the driving force looping E2-3 to IFITM gene cluster might not be disrupted upon truncation of E2-3, suggesting roles of architectural factors residing outside E2-3, possibly CTCF and cohesin [@bb0235]. At last, considering the growing reports that one enhancer could contact and regulate multiple related genes, some of which are even on different chromosomes [@bb0170], [@bb0175], [@bb0225], [@bb0240], [@bb0245], we are open that E2-3 might also be able to associate with and regulate other ISGs in addition to IFITMs. These possibilities of course call for extensive efforts to examine in the future.

Collectively, our study reported the first enhancer regulating the expression of IFITM genes. This remote enhancer coordinately upregulated IFN-induced expression of IFITM1, 2 and 3 genes through constitutive long-range interactions and IFN-induced recruitment of STAT1, thus contributing to IFN-induced resistance to IAV infection. These findings expanded our insights into the roles and mechanisms of enhancers in transcriptional regulation of IFITM genes and IFN-induced resistance to virus infection, which might contribute to our understanding of the complicated mechanisms underlying innate immunity, and shed new light on the characterization of novel disease susceptibility loci.

The following are the supplementary data related to this article.Fig. S1Truncation of E2-3 decreases IFNβ-induced IFITM1 and IFITM2 protein levels. Wild-type (WT) and mutant (Del) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by analysis of IFITM1 (A) and IFITM2 (B) protein levels by Western blots. β-actin was analyzed as control.Fig. S1 Fig. S2Truncation of E2-3 decreases IFNα-induced IFITM1, IFITM2 and IFITM3 mRNA and protein levels. (A). Wild-type (WT) and mutant (Del) HEK293 cells were treated with 1000 U/mL IFNα or PBS for 24 h, followed by quantification of IFITM1, IFITM2, IFITM3 and B4GALNT4 mRNA levels. Results of three independent experiments are shown relative to the ACTB mRNA levels. Statistical analyses were performed with unpaired Student\'s *t*-tests (\*\*\**P* \< 0.001). (B--C) Proteins from HEK293 cultures treated as in (A) were analyzed for IFITM1, IFITM2, IFITM3 and β-actin levels by Western blots.Fig. S2 Fig. S3Truncation of E2-3 does not affect STAT1 and P-STAT1 protein levels. Wild-type (WT) and mutant (Del) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by analysis of STAT1 (A) and P-STAT1 (B) protein levels by Western blots. β-Actin was analyzed as control.Fig. S3 Fig. S43C analysis using fragment containing the promoter of IFITM1 as the anchor. (A) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by 3C assays of a 60 kb region containing IFITM locus and enhancer E2-3. The red bar represented the location of the anchor fragment containing the promoter of IFITM1, the yellow bars represented the location of fragments containing the enhancer E2-3 and the promoters of IFITM2 and IFITM3, Pst I restriction sites were indicated as black vertical lines. (B) Same as (A) except performed in A549 cells.Fig. S4 Fig. S53C analysis using fragment containing the promoter of IFITM2 as the anchor. (A) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by 3C assays of a 60 kb region containing IFITM locus and enhancer E2-3. The red bar represented the location of the anchor fragment containing the promoter of IFITM2, the yellow bars represented the location of fragments containing the enhancer E2-3 and the promoters of IFITM1 and IFITM2, Pst I restriction sites were indicated as black vertical lines. (B) Same as (A) except performed in A549 cells.Fig. S5 Fig. S63C analysis using fragment containing the promoter of IFITM3 as the anchor. (A) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by 3C assays of a 60 kb region containing IFITM locus and enhancer E2-3. The red bar represented the location of the anchor fragment containing the promoter of IFITM3, the yellow bars represented the location of fragments containing the enhancer E2-3 and the promoters of IFITM1 and IFITM2, Pst I restriction sites were indicated as black vertical lines. (B) Same as (A) except performed in A549 cells.Fig. S6 Fig. S7STR loci genotyping of HEK293 (A) and A549 (B) cell lines. The STR genotyping results were 100% match with that of corresponding cell lines in ATCC. No loci were triallelic, so the cell lines were not cross-contaminated by other cell lines.Fig. S7 Fig. S8Truncation of enhancer E2-3 did not abolish its interactions with the promoters of IFITM1, 2 and 3. (A) Mutant (Del) HEK293 cells were treated with 1000 U/mL IFNβ or PBS for 24 h, followed by 3C assays of a 60 kb region containing IFITM locus and truncated enhancer E2-3. The red bar represented the location of the anchor fragment containing the truncated enhancer E2-3, the yellow bars represented the location of fragments containing the promoters of IFITM1, 2 and IFITM3, Pst I restriction sites were indicated as black vertical lines. (B) Same as (A) except using the fragment containing the promoter of IFITM1 as anchor. (C) Same as (A) except using the fragment containing the promoter of IFITM2 as anchor. (D) Same as (A) except using the fragment containing the promoter of IFITM3 as anchor.Fig. S8 Fig. S9Truncation of enhancer E2-3 did not affect the infection of IAV. (A) Wild-type (WT) and mutant (Del) HEK293 cells were infected with IAV PR8 at a MOI of 0.1 for 24 h followed by quantification of virus NP mRNA levels. Results of three independent experiments are shown relative to the ACTB mRNA levels. Statistical analyses were performed with unpaired Student\'s *t*-tests. "n.s." meant "not significant". (B) Proteins from HEK293 cultures treated as in (A) were analyzed for virus NP and β-actin levels by Western blots. (C) Progeny virus titers from HEK293 cultures treated as in (A) were determined with the TCID~50~ assay. Statistical analyses were performed with unpaired Student\'s *t*-tests. "n.s." meant "not significant".Fig. S9 Table S1Positions of clones in the genome.Table S1 Table S2Primers for cloning, RT-qPCR, ChIP-qPCR and 3C.Table S2

Transparency document {#s0100}
=====================

Transparency document.Image 1

We thank Cheng-Cai Lai for excellent technical assistance and Bing-Yu Ye for helpful advice. This work was supported by the National Basic Research Program of China \[2013CB966802\]; 10.13039/501100001809National Natural Science Foundation of China \[31370762, 81372218\] and National Key Technology R&D Program of China \[2015BAI08B03\]. Funding for open access charge: National Natural Science Foundation of China.

The [Transparency document](http://dx.doi.org/10.1016/j.bbagrm.2017.05.003){#ir0010} associated with this article can be found, in the online version.
